Purpose The purpose of this study is to review recurrent pregnancy loss (RPL) due to sperm chromosomal abnormalities and discuss the genetic counseling that is required for men with sperm chromosomal abnormalities. Method The literature was reviewed, and a genetic counselor lends her expertise as to how couples with RPL and sperm chromosomal abnormalities ought to be counseled. The review of the literature was performed using MEDLINE. Results Sperm fluorescence in situ hybridization (FISH) can be used to determine if disomy or unbalanced chromosomal translocations are present. In men with aneuploidy in sperm or who carry a chromosomal translocation, pre-implantation genetic screening (PGS) combined with in vitro fertilization (IVF) and intra-cytoplasmic sperm injection (ICSI) can increase chances of live birth. In men with abnormal sperm FISH results, the degree of increased risk of abnormal pregnancy remains unclear. Genetic counselors can provide information to couples about the risk for potential trisomies and sex chromosome aneuploidies and discuss their reproductive and testing options such as PGS, use of donor sperm, and adoption. The provision of genetic counseling also allows a couple to be educated about recommended prenatal testing since pregnancies conceived with a partner who has had abnormal sperm FISH are considered to be at increased risk for aneuploidy. Conclusion We review the literature and discuss genetic counseling for couples with RPL or recurrent implantation failure due to increased sperm aneuploidy.
Introduction
Primary infertility, defined as the inability to conceive despite regular unprotected intercourse for 12 months, affects 15 % of couples and 50 % of cases are ascribed to the male [1] . Recurrent pregnancy loss (RPL), which may be defined as two or more pregnancy losses less than 20 weeks after the last menstrual period, is experienced by 1 to 2 % of women [2, 3] . While there are many genetic causes for male factor infertility, for couples who have experienced RPL or repeated in vitro fertilization (IVF) failures, male chromosomal aneuploidy or chromosomal structural aberrations (such as translocation, inversion, and pericentric inversion) are of particular concern [4] [5] [6] [7] [8] . Aneuploidy is defined as an abnormal number of chromosomes (too few or too many) in a cell due to abnormal meiosis. Thus, for men whose partners have experienced ≥2 spontaneous abortions or IVF failures, a sperm DNA fluorescence in situ hybridization (FISH) analysis is recommended to look for male sperm aneuploidy [9] [10] [11] [12] . In this review, we discuss the importance of genetic counseling to help couples Capsule We review the literature and discuss genetic counseling for couples with RPL or recurrent implantation failure due to increased sperm aneuploidy.
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Sperm aneuploidy
Sperm fluorescent in situ hybridization (FISH) utilizes fluorescent-labeled primers that bind specifically to each chromosome in the sperm sample, and then analyzed under a fluorescent microscope. Increased or decreased fluorescent signals indicate aneuploidy. When compared to fertile men, men whose partners have a history of RPL have a 2.7 times greater rate of sperm with sex chromosome aneuploidy, 3.3 times greater rate of sperm with chromosomal 13 or 21 aneuploidy, and 6 times greater rate of sperm with chromosomal 18 aneuploidy [13] . However, once a successful pregnancy has been conceived (naturally or through IVF), the magnitude of the increased risk introduced to the pregnancy due to known sperm aneuploidy confirmed by FISH remains unknown. Higher rates of chromosomal abnormalities have been found in intra-cytoplasmic sperm injection (ICSI) offspring than in offspring conceived through natural conception (1.4 % compared to 0.3-0.4 % detected through prenatal testing in the general population) [14] . Yet, no studies have defined the threshold for risk of offspring with chromosomal abnormality based on sperm aneuploidy percent [9] . Because of such ambiguity, urologists often refer patients for genetic counseling in an effort to better educate patients of their risk as they feel uncomfortable offering counseling themselves [15] .
Recurrent pregnancy loss
American Society of Reproductive Medicine (ASRM) guidelines currently recommend karyotype analysis of both partners and analysis of the female partner, including uterine structural assessment and evaluation of hormonal and metabolic factors. In their 2012 statement on the evaluation of recurrent pregnancy loss, ASRM does not recommend testing sperm morphology [16] . Their report states that cytogenetic studies of products of conception from couples with recurrent pregnancy loss do not reveal an increased rate of sex chromosome aneuploidy. The study cited for a support of this statement, however, never investigated men with sperm aneuploidy, but rather looked at all couples with recurrent pregnancy loss due to any number of reasons [17] . The other paper cited in the ASRM 2012 statement, in fact, contradicts their statement by demonstrating that couples with abnormal sperm FISH results showed decreased pregnancy and implantation rates and increased miscarriage rates [8] . Thus, until more in-depth studies can be performed to explore this relationship between sperm aneuploidy and pregnancy outcomes, men with recurrent pregnancy loss should be screened for sperm aneuploidy.
Genetic counseling
In all cases of genetic counseling, a three-generation pedigree is obtained looking specifically for a familial history of infertility, recurrent pregnancy loss, birth defects, intellectual disability, and apparent genetic disease. Couples are counseled that all pregnancies have a 3 % risk for birth defects and/or intellectual disability regardless of maternal age, ethnicity, or family history. Couples are advised of the risk for Down syndrome and other chromosomal abnormalities related to maternal age. Finally, couples are counseled about reproductive risk related to ethnic background and family history. Evaluation through sperm FISH provides results in two general categories-increased aneuploidy of a single chromosome or global elevation of aneuploidy in all tested chromosomes. Increased aneuploidy of a single chromosome may be suggestive of the presence of a balanced chromosomal translocation if a large increase in disomy of one chromosome is present in the sperm FISH results. Balanced chromosomal translocations are a known cause of RPL [18] . For men with reciprocal chromosomal translocations, pre-implantation genetic screening (PGS) is recommended, as this has increased the live birth rate from 4.9 % to more than 80 % in some studies [19] [20] [21] . PGS utilizes either FISH or array-based analysis to detect chromosomal abnormalities or genetic defects in embryos undergoing IVF/ICSI [5] . PGS can also be used to identify embryos without aneuploidy or an unbalanced translocation for implantation in the female [22] .
Global elevation of chromosomal aneuploidy may be apparent when the percentage of all chromosomes tested is increased, usually 13, 15, 18, 21, X, and Y [5, 23] . Studies have examined additional chromosomes (4, 6, 7, 8, 9, 10, 11, 12, and 17) and while these also show increased aneuploidy, their diagnostic yield is low when compared to the results of testing 13, 18, 21, X, and Y [7] . In this case of global chromosomal aneuploidy, the absolute percentage of aneuploid chromosomes ranges from 2 to 9 %. The basis for the increased aneuploidy most likely is an underlying abnormality of global meiotic division-such as mutation in meiosis-specific genes, environmental factors, or abnormal meiotic recombination [12, [24] [25] [26] [27] [28] . Patients with chromosomal abnormalities can consider PGS along with IVF and intra-cytoplasmic sperm injection. No randomized controlled trials have determined that PGS increases live births in part because enrolling patients and ethical issues present problems. No retrospective studies have been performed because of absence of data and lack of standardized protocols. Nevertheless, it seems likely that PGS yields increased live birth rates because doctors attempt to implant only embryos without aneuploidy [9] .
While the impact of chromosomal aneuploidy on pregnancy outcome is unclear, it is imperative that the couple receives genetic counseling to understand the implications of aneuploidy for a pregnancy and to discuss that there is some increased risk of trisomy 13, 18, and 21, as well as a variety of sex chromosome aneuploidies. Many couples are not acquainted with these trisomies and what their presence means for a pregnancy and thus genetic counseling can ensure that the couples understand the implications of these conditions. In addition, the couple should receive information about all of their reproductive options, including the option of PGS combined with IVF and ICSI, conceiving naturally, use of donor sperm in combination with IVF/ICSI, or intrauterine insemination (IUI) and adoption.
For some couples, the increased risk of chromosomal abnormalities in children is not a risk that they are willing to take; thus, the option of using donor sperm or adopting might be more appealing. In a retrospective study of 407 couples with male factor infertility who discontinued treatment without conceiving, 11 % pursued adoption and 1 % of couples used donor sperm. The role of the genetic counselor is to inform the patients of all of their options so that couples can make informed decisions about future reproductive attempts [29] .
Prenatal testing Recommended post-conception screening and testing: natural conception
If a couple conceives naturally when the man has known chromosomal translocation, inversion, or aneuploidy in the sperm, the couple should be offered screening or diagnostic testing during the first or second trimesters to assess fetal chromosomal abnormalities. Maternal serum analytes combined with ultrasound measurement of nuchal translucency are used to screen for chromosomal aneuploidy during the first and second trimesters (Table 1) [30] . Positive screening test results can be followed up with non-invasive pregnancy testing (NIPT) or with chorionic villus sampling or amniocentesis plus cytogenetic analysis, which provide conclusive prenatal diagnosis. The provided guideline (Fig. 1 ) may be useful for clinical decision-making. However, the option(s) that any given couple may pursue can be limited by local availability.
Because of the increased risk of fetal chromosomal abnormalities, the couple may opt to skip initial serum analyte/ ultrasound screening in favor of improved screening using non-invasive pregnancy testing (NIPT) or invasive testing [31] . Invasive testing uses either chorionic villus sampling (CVS) to obtain material from the placenta at 10-14 weeks gestation or amniocentesis to obtain amniotic fluid at or after 15 weeks gestation. Cytogenetic analysis is performed on the sample collected through CVS and amniocentesis using karyotyping or chromosomal microarray [32] . Invasive cytogenetic testing has a higher sensitivity than serum analyte screening of NIPT for trisomies, monosomies, mosaicism, and deletions or duplications. However, the process of obtaining cellular material increases risk of preterm premature rupture of the membranes (PPROM), pre-viable delivery, and fetal injury. NIPT identifies extracellular fetal nucleic acids as well as maternal nucleic acids circulating within maternal blood (cell-free DNA), and thus can screen for trisomies 13, 18, and 21, and sex chromosome aneuploidies. NIPT is more sensitive and specific than serum/ultrasound screening (Table 2) , even in the first trimester, and is a safe alternative to invasive testing. NIPT screening is currently only recommended in high-risk populations as the increased prevalence of fetal chromosomal aneuploidy improves the positive predictive value (PPV) of the screening. The true risk of fetal aneuploidy with increased levels of sperm aneuploidy is currently unknown, but it is likely that risk is elevated sufficiently above baseline to permit use of NIPT as a primary screening tool.
Unless the couple strongly wishes to avoid invasive diagnostic testing, CVS or amniocentesis is recommended for confirmation of all positive NIPT results. After a positive NIPT, if cytogenetic testing with CVS or amniocentesis is normal, this suggests that the abnormal level of cell-free DNA in maternal serum is not likely the result of a fetal chromosome abnormality but instead likely the result of confined placental mosaicism. Given the high NPV of NIPT, any negative result is Step-wise sequential x x x x x x NT ultrasound assessment of nuchal translucency, PAPP-A pregnancy-associated plasma protein A, ß-hCG beta human chorionic gonadotropin, MSAFP maternal serum alpha-fetoprotein, uE3 unconjugated estriol, Inh A, inhibin A reassuring that fetal aneuploidy is unlikely and only routine prenatal care is indicated from that point forward.
Unfortunately, up to 12 % of samples do not yield an interpretation in NIPT, even with repeat testing. The level of cellfree fetal DNA in maternal blood (fetal fraction) is decreased when the fetus is aneuploid and so these pregnancies may be more likely to not yield an NIPT result; thus, paradoxically, women who receive no result are at increased risk of aneuploidy compared to baseline.
Recommended post-conception screening and testing: IVF with PGS
The couple with known male sperm aneuploidy may choose to pursue in vitro fertilization with pre-implantation genetic screening, rather than attempting to conceive naturally. After ovarian stimulation and oocyte retrieval, intra-cytoplasmic sperm injection (ICSI) can be performed using either fresh or cryopreserved and thawed testicular sperm, as outcomes have been shown to be equivalent with either method [33] . Trophectoderm cells are retrieved from the blastocyst 5 to 6 days after fertilization to provide material for screening before embryo selection and transfer. Pre-implantation genetic screening refers to screening embryos for aneuploidy when the parents are chromosomally normal, or presumed to be, whereas pre-implantation genetic diagnosis uses probes to identify specific heritable gene mutations or chromosomal abnormalities that have been transmitted from a known genetically abnormal parent [34] . After a successful transfer and implantation of a screened embryo, routine blood work is recommended at the first prenatal visit, followed by ultrasound assessment of nuchal translucency at 11-14 weeks and NIPT or maternal serum screening. If these screening tests are normal, the pregnancy can be considered low-risk and followed with routine prenatal care. If the nuchal translucency, NIPT, or maternal serum screening are abnormal, then diagnostic cytogenetic testing using CVS or amniocentesis should be offered to the couple.
Conclusion
For couples who struggle with RPL and repeated IVF failure, it is essential that the male is examined for either chromosomal aneuploidy or chromosomal structural abnormalities. While it is difficult to assess the precise risk associated with increased levels of sperm aneuploidy, genetic counseling is imperative to educate couples about the associated risks and inform them of all of their reproductive and testing options. Further research is needed to investigate the relationship between sperm chromosomal aneuploidy and reproductive outcomes as well as the somatic health of the male patient. Most importantly, for pregnancies conceived with a partner with increased sperm aneuploidy appropriate prenatal screening and testing should be offered, even when PGS has been performed, as these pregnancies are considered to be at increased risk for aneuploidy.
